. The expression of α-internexin in the developing retina and in the cerebellum has been extensively characterized in mouse and chicken models (Chien & Liem, 1995; Chien et al., 1996; Liu, Wang, Wei, & Chien, 2013) .
Moreover, it was also found in the developing olfactory bulb and pineal gland in a mouse model (Chien et al., 1998; Ko et al., 2005) .
These studies suggest that α-internexin plays a key role in the formation of the neuronal cytoskeleton network during the development of the CNS in vertebrates.
Previous studies have suggested that lower vertebrates express two or more IF proteins, which are similar to that observed in mammalians (Zhao & Szaro, 1997a) . For example, the combined retinal distribution of xefiltin and XNIF, two homologs of mammalian α-internexin in Xenopus laevis, was similar to the distribution of mammalian α-internexin in the retina (Zhao & Szaro, 1997a) . This suggests that teleosts, which are lower vertebrates, may have two or more nIFs that are equivalent to mammalian α-internexin.
Among teleosts, zebrafish (Danio rerio) has become the prime vertebrate model in developmental biology and genetic analysis (Detrich, Westerfield, & Zon, 1999) , as well as in evolutionary studies (Lagman, Callado-Perez, Franzen, Larhammar, & Abalo, 2015; Schilling & Webb, 2007) . According to our previous study, the nIFs of zebrafish can be classified into the same mammalian nIF categories, and zebrafish carry inaa and inab as homologs of the mammalian α-internexin gene (Liao, Peng, Kan, & Chien, 2016) .
Inab, also termed gefiltin, has been characterized well in zebrafish embryos and was suggested to play a role in retinal growth and optic nerve regeneration (Asch et al., 1998; Leake, Asch, Canger, & Schechter, 1999) . The zebrafish inab mRNA was detected by in situ hybridization during early development and the corresponding protein was identified by immunohistochemistry in the zebrafish adult retina (Leake et al., 1999) . In contrast, inaa has been described well in the developing retina by immunohistochemistry, and it was reported that inaa may be involved in zebrafish retinal development (Liao et al., 2016) . Although zebrafish inaa and inab are suggested to be paralogs generated during the teleost genome duplication (Van Ryswyk, Simonson, & Eisen, 2014) , the expression pattern of the inaa and inab proteins throughout the life-span of zebrafish has not been well characterized. Therefore, the purpose of this study was to analyze the expression patterns of the zebrafish inaa and inab proteins during development.
In the current study, we examined the expression patterns of the inaa and inab proteins in developing zebrafish. Furthermore, we analyzed the distribution of inaa and inab in the adult pineal gland to assess their role in zebrafish pineal photoreceptors.
| MATERIAL S AND ME THODS

| Zebrafish maintenance
The zebrafish AB line (Danio rerio, RRID:ZIRC_ZL1) was kept at 28°C under a 14/10 hr light/dark cycle with continuous water flow in the zebrafish facility. Embryos and larvae were collected, raised in an incubator at 28°C, and staged according to days postfertilization (dpf).
All procedures were approved by the Institutional Animal Care and Use Committee of National Taiwan University.
| Generation of an epitope-specific polyclonal anti-zebrafish inab antibody
A specific polyclonal antibody was generated by LTK BioLaboratories (Taoyuan, Taiwan). A synthetic oligopeptide, GSSQSDDSKKNDKIDSGD, which corresponded to the C-terminal amino acid residues of zebrafish inab, was used to produce a rabbit antiserum. The peptide was conjugated to ovalbumin for antibody production in rabbits. The antiserum was purified using a peptide/ protein specific affinity column. The purified antibody was collected and concentrated to 1.4 mg/ml.
| Plasmid construction
We used primers 5′-caagcttcgaattcagatgagctacggatc-3′ and 5′-gggcccgcggtacctggttggtggagttca-3′ to obtain a full-length cDNA of the zebrafish internexin nIF protein-alpha b (inab, NM_131032) gene according to GenBank from the National Center for Biotechnology Information. The expression vector of inab was constructed by restriction enzyme digestion and ligation using standard protocols. Briefly, the coding sequence was cloned downstream of the CMV promoter in the pEGFP-C3 vector (Clontech, Mountain View, CA, USA), with tags flanked by EcoRI and Kpn1 sites. The selected clone was confirmed as being in frame via DNA sequencing.
| Cell culture and transfection
The nonneuronal NIH/3T3 cell line was maintained in Dulbecco's modified Eagle's medium (Life Technologies, Carlsbad, CA, USA) with 10% fetal bovine serum (FBS; Life Technologies) and a 1% antibioticantimycotic solution (Life Technologies). The culture was incubated at 37°C in a 5% CO 2 atmosphere. Cultured cells were transfected with the expression construct using the FuGENE ® 6 Transfection Significance Both zebrafish inaa and inab are homologs of mammalian α-internexin. In spite of some similarity in telencephalon, optic tectum, and cerebellum, inaa and inab had different expression patterns in the pineal gland and retina during zebrafish development. In particular, inaa is one of useful markers for studies of zebrafish photoreceptors not only in the retina but also in the pineal gland.
Reagent (Roche, Indianapolis, IN, USA), according to the manufacturer's instructions.
| Western blotting and peptide competition assay
For western blotting, we followed a procedure as described in our previous study (Liao et al., 2016) . In this study, a rabbit anti-inab
(1:1,000) antibody and a rabbit anti-Glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 1:1,000, Proteintech, Chicago, IL, USA;
RRID: AB_2263076) antibody were used as the primary antibodies, and a goat anti-rabbit IgG conjugated with horseradish peroxidase (Chemicon, Hofheim, Germany) was used as the secondary antibody.
For the peptide competition assay (PCA), zebrafish lysates were first probed with the anti-inab antibody. After stripping, the lysates were incubated at 4°C overnight in the anti-inab antibody which was pre-incubated with the synthetic peptides of inab. Subsequently, the lysates were proceeded using the western blotting procedure.
| Immunocytochemistry
The protocol used for immunocytochemistry of cultured cells was modified from our previous study (Liao et al., 2016 Sections were mounted and viewed using a Leica DMR and a TCS SP5 confocal microscope (Leica, Heidelberg, Germany). The primary antibodies used in this study are listed below (see Table 1 for details of all antibodies): rabbit anti-inaa polyclonal antibody, TA B L E 1 List of the antibodies used in the current study Larison and Bremiller (1990) , Li et al. (2012) , Zou et al. (2012) rabbit anti-inab polyclonal antibody, mouse anti-vimentin monoclonal antibody, mouse anti-NF-M monoclonal antibody, and mouse anti-zpr-1 monoclonal antibody. These immunohistochemical assays have been repeated four times to confirm the staining pattern is consistent.
| Antibody characterization
Rabbit anti-inab antibody recognized a 58 kDa band on western blot of zebrafish brain and eye extracts. Its specificity was confirmed by PCA and immunocytochemistry as shown in the results section.
Rabbit anti-inaa antibody (RRID:AB_2715574) recognized zebrafish inaa at 58 kDa on western blot of zebrafish brain and eye.
The specificity was examined by PCA, immunocytochemistry and immunohistochemistry in our previous study (Liao et al., 2016) .
Mouse anti-GFP antibody (Millipore, Molsheim, France, Cat# MAB3580, RRID:AB_94936) was examined by incubating with GFPexpressing mouse brain sections and it was proven that this antibody could detect the endogenous GFP (Helgager, Liu, & McNamara, 2013) . This antibody has also been used to detect EGFP in the EGFPtransfected COS7 cells and NIH/3T3 cells (Liao et al., 2016) .
Mouse anti-neurofilament 160 (NF-M) antibody (Sigma-Aldrich, St. Louis, MO, USA, Cat# N2787, RRID:AB_477261) was derived from mouse hybridoma clone RMO44. It recognized mouse NF-M on western blot as a single band (Rao et al., 2002) . The staining pattern in zebrafish hindbrain and retina was shown previously (Liao et al., 2016; Waskiewicz, Rikhof, Hernandez, & Moens, 2001 ).
Mouse anti-vimentin antibody (Santa Cruz Biotechnology, Santa
Cruz, CA, Cat# sc-6260, RRID:AB_628437) was derived from pig eye lens clone 9 and recognized a band of 57 kDa on western blot from the adult zebrafish eye (Cerda, Conrad, Markl, Brand, & Herrmann, 1998) .
Mouse anti-zpr-1 antibody (Zebrafish International Resource
Center, Eugene, OR, RRID:AB_10013803) was used to specifically label zebrafish double cone photoreceptors in the retina (Larison & Bremiller, 1990; Zou, Wang, & Wei, 2012) and has also been used to label doublecone-like photoreceptor cells in the pineal gland (Li et al., 2012) .
| Transmission electron microscopy
Zebrafish adult brains were fixed in 2% glutaraldehyde and 2% paraformaldehyde overnight in PBS at 4°C. Samples were then postfixed for 1 hr in 1% osmium tetroxide, dehydrated in a graded series of ethanol, and embedded in epoxy resin. Ultrathin sections (70 nm thickness) were collected on copper grids and stained with uranyl acetate and lead citrate before examination using a Hitachi H-7100 electron microscope (Hitachi, Tokyo, Japan).
| Experimental procedures of photoperiod conditions
The 72 male adult zebrafish (3-month old) were randomly kept in one of three photoperiod conditions: constant light (LL), constant dark (DD) or 14/10 hr light/dark (LD, control), and kept under these conditions for one, two, or three weeks. For constant light and light/dark groups, lamps with 18 white LED bulbs were powered by a 12-V DC supply (Finnex, Chicago, USA). For constant dark groups, the aquaria were wrapped with aluminum foil and kept in a dark room to avoid light contamination. A dim red light was used for collecting specimens of constant dark groups.
| RE SULTS
| Characterization of the anti-zebrafish inab antibody
In this study, we generated a novel anti-inab antibody that was designed against selected synthetic oligopeptides corresponding to the C-terminal amino acid residues of the zebrafish inab protein.
The alignment of the amino acid sequence of inab (gefiltin) with that of zebrafish inaa and NF-L revealed that the selected synthetic oligopeptides of inab was unique and would be specific to recognize inab (Supp. (Figure 1d ). These results demonstrated that the anti-inab antibody generated in this study is specific for zebrafish inab proteins.
We generated and applied the anti-inaa antibody to identify the zebrafish inaa protein during retinal development (Liao et al., 2016) .
To examine whether the anti-inaa and anti-inab antibodies crossreact with each other's target protein, we collected the extracts of adult zebrafish eye, brain, and intestine and performed a western blot analysis in which the anti-inaa antibody was preincubated with the synthetic peptide of inab (Supp. Figure 2a ) and the anti-inab antibody was preincubated with the synthetic peptide of inaa which sequence was according to our previous study (Liao et al., 2016) (Supp. Figure 2b ). Both the inaa and inab proteins could be detected by the antibody which has been preincubated with the synthetic peptide immunogens of the other protein. These results indicate that the two antibodies are specific for the corresponding zebrafish inaa and inab proteins and do not cross-react with the other protein.
| Spatial distribution of inaa and inab in zebrafish
To determine the spatial distribution of the inaa and inab proteins, we performed immunohistochemistry using the anti-inaa and antiinab antibodies in whole-mount embryos and larvae at different for inaa and inab was performed on zebrafish from 1 dpf to 14 dpf.
The inaa protein was detected in the telencephalon, optic tectum, and cerebellum of CNS at different stages (Figure 2a-f) . In contrast, the inab protein was present in the CNS from 3 dpf (Figure 2g-l) .
Furthermore, the distribution of inaa and inab showed obvious differences in the pineal gland and optic nerve. Inaa was strongly expressed in the pineal gland from 2 dpf (Figure 2b -f, solid arrows), whereas inab was not detected in this structure. Inab was detected strongly in the optic nerve from 3 dpf (Figure 2i -l, hollow arrows), whereas inaa was not detected in this structure. The difference in distribution observed between inaa and inab suggests that each protein has a distinct function in zebrafish development.
Immunohistochemistry revealed that both inaa (Figure 3a-d (Figure 3d and 3h ). In particular, inaa was detected in the parallel fibers of the ML (Figure 3d , arrows). This result showed that the distribution of inaa and inab is similar in the olfactory bulb and dorsal telencephalic area, whereas the distribution of the two proteins is different in the SFGS of the optic tectum and in the parallel fibers of the cerebellar ML.
| Localization of the inaa and inab proteins in the adult zebrafish retina
A previous study reported the expression of inab (gefiltin) in the OFL of the retina and optic nerve in the adult zebrafish using an anti-goldfish gefiltin antibody (Leake et al., 1999) . In contrast, inaa was strongly expressed in the cone photoreceptors of the adult zebrafish retina using an anti-zebrafish inaa antibody (Liao et al., 2016) .
Therefore, we further examined the patterns of expression of the proteins in the zebrafish retina via immunohistochemistry. Both inaa and inab were detected in the adult zebrafish retina, but their expression patterns were quite different (Figure 4a-d) . Inaa was mainly expressed in the outer nuclear layer (Figure 4a-b) , which encompasses the light-detecting photoreceptors of the retina (Liao et al., 2016) ; conversely, inab was predominantly expressed in the GCL, OFL and optic nerve (Figure 4c-d) , which sends visual information to the brain. Moreover, inaa was also found in interneurons, such as bipolar cells and amacrine cells (Liao et al., 2016) , in which inab was not detected. This different distribution suggests that inaa and inab may play different roles in the adult retina.
F I G U R E 2 Expression pattern of inaa and inab in the developing zebrafish. Dorsal views of whole-mount immunofluorescence staining of inaa (a-f) and inab (g-l) were observed in zebrafish embryos and larvae at 1, 2, 3, 5, 9, and 14 days postfertilization (dpf). All images show the anterior side to the right. Inaa was found in the central nervous system (CNS) at different stages, including the telencephalon, optic tectum, and cerebellum. In particular, inaa was observed in the pineal gland from 2 dpf (solid arrow, b-f). Inab was also found in the CNS, and obviously in the optic nerve (hollow arrow, i-l), from 3 dpf. Scale bar, 100 μm [Colour figure can be viewed at wileyonlinelibrary.com]
| Inaa was expressed in photoreceptor-like cells in the adult pineal gland
Based on the analysis of the expression of the inaa and inab proteins in the developing zebrafish CNS, we found that inaa was localized in the pineal gland (Figure 2) . To confirm the expression of inaa and inab in the adult pineal gland, we performed double-labelling immunostaining using the anti-inaa antibody or anti-inab antibody together with an antibody against zpr-1, which is the marker of double-cone photoreceptors in zebrafish. Inaa was observed not only in the developing pineal gland, but also in the adult pineal gland (Figure 5a-a′) . Moreover, inaa was expressed strongly around nuclei in zpr-1-positive photoreceptor-like cells (Figure 5b-b′) . 
| The expression of inaa was stable under different photoperiod conditions
Previous studies revealed that lighting conditions are important to zebrafish development and growth (Villamizar, Vera, Foulkes, & Sanchez-Vazquez, 2014) and may have effect on the pineal metabolism in goldfish model (McNulty, 1982) . Thus, we conducted the experiment to see whether the expression of inaa would be affected under different photoperiod conditions. All adult zebrafish housed under different photoperiod conditions stayed well during the experiment. The expression of inaa in the pineal glands of constant light (LL) and constant dark (DD) groups was as strong as that of 14/10 hr light/dark (LD) group as characterized using immunohistochemistry (Figure 7a-i) . We found that inaa is expressed stably in the adult pineal gland, which suggested that inaa could be one of good markers to identify the photoreceptors regardless of photoperiod changes.
| D ISCUSS I ON
In the current study, we generated a specific anti-zebrafish inab antibody, and used it together with the well-characterized antiinaa antibody (Liao et al., 2016) to analyze comparatively the distribution of inaa and inab in developing zebrafish. The findings obtained for adult zebrafish are summarized in Table 2 . The immunohistochemical data revealed that inaa and inab were expressed in the telencephalon, optic tectum, and cerebellum in the CNS of zebrafish. The distribution of inaa and inab in the zebrafish brain was similar to that of α-internexin reported for rat, mouse, chicken, and Xenopus laevis models (Chien et al., 1998 (Chien et al., , 1996 Fliegner et al., 1994; Ko et al., 2005; Zhao & Szaro, 1997a) . Hence, we suggest that the distribution of inaa and inab is conserved phylogenetically in the telencephalon, optic tectum and cerebellum.
We assessed the distribution of inaa and inab in adult zebrafish cerebellum. According to previous studies, α-internexin in the mouse and chicken models was observed in the parallel fibers of the cerebellar ML (Chien et al., 1996; . We found that inaa and inab became detectable in the cerebellum at 3 dpf, the time at which the zebrafish cerebellar neurons start to differentiate (Bae et al., 2009 ). Moreover, inaa was detected in the parallel fibers of the adult cerebellar ML, where inab was not observed. A previous study inferred that α-internexin may play a role in neurite outgrowth of parallel fibers and in the establishment of the neuronal cytoarchitecture in granule neurons (Chien et al., 1996) . Our observation suggests that inaa, as a homolog of mammalian α-internexin, also plays the same role in granule cells during zebrafish cerebellar development.
Both inaa and inab were found in the optic tectum. Inab was more widely distributed than was inaa in the SO and SFGS of the optic tectum, which may be a result of the stronger expression of inab in the GCL and OFL of the retina, which sends visual information to mainly the superficial layers of the SO and SFGS (Nevin, Robles, Baier, & Scott, 2010; Xiao, Roeser, Staub, & Baier, 2005) . Moreover, we found that inab was localized in the optic nerve, where inaa was not detected. The expression pattern of inab is consistent with that
Immunostaining patterns of inaa and inab in the adult pineal gland. Cryosections of the adult zebrafish brain were immunostained using antibodies against inaa (a-b′, green), inab (c-d′, green), and zpr-1 (red) and counterstained with Hoechst (blue) to identify cell nuclei. Photomicrographs were taken in pineal gland regions. reported for gefiltin in a previous study (Leake et al., 1999) . In addition, our finding is also in agreement with that observed for α-internexin, which is expressed in the OFL of the retina in mammalian, chicken, goldfish, and Xenopus models (Chien & Liem, 1995; Glasgow, Druger, Fuchs, Lane, & Schechter, 1994; Tajika, Yamamoto, Mekada, Kani, & Okabe, 2004; Zhao & Szaro, 1997b) .
Previous studies have suggested that nIF proteins provide the support necessary for axonal elongation and lend structural stability and plasticity to axons during neuronal development (Fliegner et al., 1994; Glasgow et al., 1994; Leake et al., 1999; Schwartz, Shneidman, Bruce, & Schlaepfer, 1990) . Therefore, these results support the idea that zebrafish inab, as well as other vertebrate α-internexin proteins, play an important role in developing optic axons. It could also be suggested that the specific anti-zebrafish inab antibody is a good marker of the zebrafish optic nerve for use in future studies.
The expression of inaa in the zebrafish pineal gland is in agreement with that observed for mouse α-internexin, which was detected postnatally in some pineal cells and nerve processes (Ko et al., 2005) .
The pineal gland, also called the median third eye, serves as a photoreceptive neuroendocrine organ and has photoreceptors with welldeveloped lamellar OS in lampreys, fishes, and amphibians (Falcon, 1999; Mano & Fukada, 2007) . In reptiles and birds, reduced photosensory function and regressed lamellar OS were reported (Falcon, 1999; Fejér et al., 2001; Vígh et al., 1998) . With evolutionary progress, the mammalian pineal gland is no longer photosensitive, but only serves as a neuroendocrine organ (Mano & Fukada, 2007; Møller & Baeres, 2002) . Moreover, pinealocytes in the mammalian pineal gland lack OS-like structures (Mano & Fukada, 2007; Zimmerman & Tso, 1975) . Furthermore, a previous study reported that the pinealocytes of the neonatal rat adopt a "photoreceptor-like" morphology during the transient neonatal period (Zimmerman & Tso, 1975) .
From an evolutionary perspective, it could be suggested that mouse α-internexin is located in nonphotosensory pinealocytes, which are transformed from the photoreceptors of ancestral vertebrates.
Previous study showed that larvae raised under constant white light led to a high proportion of malformations and larvae kept under constant dark died before 18 dpf (Villamizar et al., 2014) . In this study, all adult zebrafish survived through the experiment (3 weeks) under different photoperiod conditions. It suggested that photoperiod conditions may not influence the vitality of adult zebrafish.
We also observed that the expression of inaa was not affected in the pineal gland when the photoperiod condition changed. Previous study revealed that the stationary neurofilament network was highly stable metabolically and exhibited exceptionally slow turnover (t 1/2 >2.5 months) (Yuan et al., 2009 ). This may explain that inaa, one of the neuronal filaments, exhibited stable metabolically under different photoperiod conditions regarding the function of pineal gland.
Inaa was mainly found in interneurons or neurons with a smaller axon, such as cone photoreceptors, amacrine cells, bipolar cells (Liao et al., 2016) , and the parallel fibers of the ML in the cerebellum, where mouse and chicken α-internexin is also expressed (Chien et al., 1996; . In contrast, inab was particularly expressed in neurons with larger axons, such as optic nerves. Previous studies have suggested that neurons with a small axon caliber have relatively high level of α-internexin compared with NF triplet proteins, whereas neurons with larger axons exhibit high expression of NF triplet proteins (Fliegner et al., 1994; Kaplan et al., 1990) . In addition, α-internexin was reported to be a major component of the IF network in small interneurons and cerebellar granule cells (Chien & Liem, 1995; Chien et al., 1996) . Our results showing that inaa, but not inab, was found in interneurons or neurons with a smaller axon indicate that inaa has properties that are more similar to those of α-internexin.
In this study, we examined the specificity of polyclonal anti-zebrafish inab antibody via PCA, immunocytochemistry, and immunohistochemistry. It showed that the anti-inab antibody was specific for zebrafish inab proteins. However, we could not rule out one of the cross-reaction possibilities. There was a band at 70 kDa on the western blot, which might create a potential for cross-reactivity with NF-L. Although the selected synthetic oligopeptides of inab shared 5.6% identity with that of NF-L, including the analysis of NF-L may add a degree of confidence for the specificity of the anti-inab antibody in immunohistochemical analyses.
F I G U R E 7
Immunostaining patterns of inaa in the adult pineal gland under different photoperiod conditions. (a-i) Cryosections of the adult zebrafish brain were immunostained using antibodies against inaa (green) and zpr-1 (red) and counterstained with Hoechst (blue) to identify cell nuclei. Photomicrographs were taken in pineal gland regions. The expression of inaa seemed not to be affected under constant light or constant dark condition. Scale bar, 10 μm [Colour figure can be viewed at wileyonlinelibrary.com]
| CON CLUS IONS
In summary, the present study provided a detailed analysis of the distribution of the mammalian α-internexin homologs inaa and inab during zebrafish development. First, inaa and inab exhibited a similar distribution in brain regions, including the telencephalon, optic tectum, and cerebellum. Second, we demonstrated that inaa acted distinctively in the photoreceptor-like cells of the pineal gland, whereas inab did not. In addition, the specific anti-inaa antibody may be a useful marker not only for studies of zebrafish retinal cone photoreceptors, but also for those of pineal photoreceptor-like cells, whereas the anti-zebrafish inab antibody may be a good marker of the zebrafish optic nerve. Furthermore, inaa was expressed metabolically stable in the pineal gland under different photoperiod conditions regarding the function of pineal gland.
Finally, inaa and inab were expressed differentially in the pineal gland and retina; therefore, the functional roles of these two neuronal IFs, inaa and inab, may be different in various aspects of zebrafish neuronal development. 
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